ABSTRACT: The bioactivation of both endogenous and equine estrogens to electrophilic quinoid metabolites has been postulated as a contributing factor in carcinogenic initiation and/or promotion in hormone sensitive tissues. Bearing structural resemblance to estrogens, extensive studies have shown that many selective estrogen receptor modulators (SERMs) are subject to similar bioactivation pathways. Lasofoxifene (LAS), a third generation SERM which has completed phase III clinical trials for the prevention and treatment of osteoporosis, is currently approved in the European Union for this indication. Previously, Prakash et al. (Drug Metab. Dispos. (2008) 36, 1218−1226 reported that similar to estradiol, two catechol regioisomers of LAS are formed as primary oxidative metabolites, accounting for roughly half of the total LAS metabolism. However, the potential for further oxidation of these catechols to electrophilic o-quinones has not been reported. In the present study, LAS was synthesized and its oxidative metabolism investigated in vitro under various conditions. Incubation of LAS with tyrosinase, human liver microsomes, or rat liver microsomes in the presence of GSH as a trapping reagent resulted in the formation of two mono-GSH and two di-GSH catechol conjugates which were characterized by liquid chromatography−tandem mass spectrometry (LC-MS/ MS). Similar conjugates were also detected in incubations with P450 3A4, P450 2D6, and P450 1B1 supersomes. Interestingly, these conjugates were also detected as major metabolites when compared to competing detoxification pathways such as glucuronidation and methylation. The 7-hydroxylasofoxifene (7-OHLAS) catechol regioisomer was also synthesized and oxidized either chemically or enzymatically to an o-quinone that was shown to form depurinating adducts with DNA. Collectively, these data show that analogous to estrogens, LAS is oxidized to catechols and o-quinones which could potentially contribute to in vivo toxicity for this SERM.
■ INTRODUCTION
Selective estrogen receptor modulators (SERMs) are a class of compounds that act as estrogens in certain tissues while antagonizing the effects of estrogen in others, depending on cellular context. 1 They have found clinical use in the treatment (tamoxifen) and prevention of breast cancer (tamoxifen, toremefine, and raloxifene), postmenopausal osteoporosis (raloxifene), and infertility (clomifene). 2 Lasofoxifene (LAS, Scheme 1) is a third generation SERM which has completed phase III clinical trials for the prevention and treatment of postmenopausal osteoporosis. 3 Displaying dramatically increased in vivo potency and oral bioavailability over earlier generation SERMs, LAS has been shown significantly to improve bone mineral density (BMD) and biomarkers for bone turnover in postmenopausal women. 4−6 Results of the PEARL (Postmenopausal Evaluation and Risk-Reduction with Lasofoxifene) trial recently showed that women taking LAS were at a reduced risk for both vertebral and nonvertebral fracture, coronary heart disease, and stroke. 7−10 Further findings of the same trial also demonstrated that LAS not only displayed superior skeletal efficacy compared to raloxifene but also showed a dose-dependent reduction in risk for ER-positive invasive breast cancer while lacking endometrial stimulation, suggesting a potential utility in chemoprevention. 5,11−13 Although it has not received FDA approval in the US, 14 LAS was approved by the European Commission for the treatment of osteoporosis in postmenopausal women at increased risk for fracture in March, 2009. 15 Conversely, while LAS and other earlier generation SERMs appear to exhibit favorable tissue selectivity, a growing body of evidence also demonstrates that analogous to estrogens, SERMs are susceptible to oxidative bioactivation. 16−24 It is well established that E 2 is metabolized to both 2-hydroxy and 4-hydroxy catechols by P450 isozymes and that these catechols may further oxidize to electrophilic o-quinones and quinone methides. 25, 26 The formation of such quinoids has been hypothesized to contribute to the initiation and/or promotion of certain estrogen dependent cancers through a variety of mechanisms, including DNA adduction, protein modification, and reactive oxygen species (ROS) generation. 25−27 Similarly, the triphenylethylene SERM tamoxifen is metabolized to reactive carbocation, 16 o-quinone, 17, 18 and quinone methide intermediates. 19 The detection of DNA adducts in women undergoing tamoxifen therapy lends further support to a genotoxic pathway resulting from tamoxifen bioactivation. 28 It has also been reported that raloxifene is a time-dependent inhibitor of P450 3A4 in vitro via diquinone methide formation. 20, 29 Moreover, studies by our laboratory and by others have established similar bioactivation pathways for other triphenylethylene (toremifene and droloxifene)-, 17, 21 benzothiophene [desmethyl arzoxifene (DMA)]-, 22, 23 benzopyran (acolbifene)-, 22 and naphthol (LY2066948)-based 24 SERMs. Unlike the first-generation triphenylethylene and secondgeneration benzothiophene SERMs, LAS possesses a tetralin core structurally similar to the fused A and B rings of 17β-estradiol (E 2 ; Scheme 1) and like E 2 binds selectively to ERα with high affinity (IC 50 = 1.5 nM). 30 The structural resemblance to E 2 led us to hypothesize that LAS would form similar quinoid metabolites (Scheme 1). It has been previously reported that 5-hydroxylasofoxifene (5-OHLAS) and 7-hydroxylasofoxifene (7-OHLAS) catechols are formed as primary oxidative metabolites of LAS; 31 however, the potential for further oxidation of these catechols to electrophilic quinoids has not been investigated. In the current study, we have found that LAS can be oxidized both chemically and enzymatically to o-quinones which form conjugates with GSH. Furthermore, several depurinating DNA adducts were detected upon incubation of synthesized 7-OHLAS-o-quinone with deoxynucleosides or DNA. Taken together, these data suggest that the formation of reactive quinoids from catechol LAS metabolites may represent a plausible mechanism of potential toxicity for this SERM.
■ MATERIALS AND METHODS
Caution: Lasofoxifene-o-quinone and estrogen-o-quinone were handled in accordance with the NIH Guidelines for the Laboratory Use of Chemical Carcinogens.
32
Chemicals. Racemic LAS and 7-OHLAS were synthesized as described previously.
33 E 2 was purchased from Steraloids Inc. (Newport, RI). Rat liver microsomes were prepared from the livers of female Sprague−Dawley rats, as previously described. 34 Human liver microsomes (pooled from 15 individuals) were purchased from In Vitro Technologies (Baltimore, MD). Human cytochrome P450 supersomes were purchased from BD Biosciences (Woburn, MA). All other chemicals were purchased from Aldrich Chemical (Milwaukee, WI), Fisher Scientific (Itasca, IL), or Sigma (St. Louis, MO) unless stated otherwise.
Instrumentation. NMR spectra were obtained using either a Bruker Avance 400 MHz or a Bruker DPX 400 MHz spectrometer. UV spectra were obtained using a Hewlett-Packard 8452A photodiode array UV/vis spectrometer (Palo Alto, CA). LC-MS/MS analyses were performed using either of two instrument configurations: (1) an Agilent 6310 ion trap mass spectrometer (Agilent Technologies, Santa Clara, CA) coupled to an Agilent 1100 HPLC (Palo Alto, CA) or (2) an API 3000 triple quadrupole mass spectrometer (Applied Biosystem, Foster City, CA) coupled to an Agilent 1200 HPLC (Palo Alto, CA).
LC-MS/MS Methodology. Two methods were used for all LC-MS/MS analyses. Analysis of depurinating adducts from CT-DNA incubations was completed using the API 3000 triple quadrupole instrument. Samples were separated using a Phenomenex Kinetex C 18 column (3 × 100 mm, 2.6 μm) and ADV-FFKIT filter (Analytical, Prompton Plains, NJ, USA) at a flow rate of 0.3 mL/min. The mobile phase was composed of solvent A (water containing 10% methanol and 0.1% formic acid) and solvent B (methanol containing 0.1% formic acid), beginning with 30% B, increasing to 98% B over 10 min, holding at 98% B for 10 min, and returning to 30% B over 2 min. The system was then allowed to equilibrate for 8 min before subsequent sample injections. Ions were detected in positive mode with electrospray ionization and multiple reaction monitoring carried out at 350°C. Collision energies were optimized to 67 V for 7-OHAS-Ade adducts and 63 V for 7-OHAS-Gua adducts. Fragmentations for the collision-induced dissociation of m/z 563→136 and m/z 579→152 were monitored for Ade and Gua adducts, respectively.
All other LC-MS/MS analyses were completed using the Agilent 6310 ion trap instrument equipped with an electrospray ionization source and measuring UV absorbance at 270 nm. Samples were separated using an Agilent Eclipse XDB-C 18 column (4.6 × 150 mm, 5 μm) at a flow rate of 1.0 mL/min. The mobile phase was composed of solvent A (water containing 10% methanol and 0.1% formic acid) and solvent B (acetonitrile containing 0.1% formic acid), beginning with 5% B, increasing to 60% B over 40 min, 90% B over 5 min, and then returning to 5% B over 3 min. The system was then allowed to equilibrate for 10 min before subsequent sample injections. Ions were detected in positive mode using collision-induced dissociation (CID) ionization with a resolving power of 5000 fwhm and mass accuracy of 0.1 amu.
Incubations with Tyrosinase. Solutions containing LAS or E 2 (30 μM), tyrosinase (0.1 mg/mL), and GSH (1 mM) in 50 mM phosphate buffer (pH 7.4, 0.5 mL total volume) were incubated at 37°C for 30 min. Reactions were terminated by chilling in an ice bath followed by the addition of perchloric acid (25 μL). Samples were then centrifuged (10,000g for 10 min at 4°C), and supernatants were filtered and immediately analyzed by LC-MS/MS. Controls were performed by the omission of tyrosinase or GSH.
Incubations with Rat/Human Liver Microsomes. Solutions containing LAS or E 2 (30 μM), rat or human liver microsomes (1 nmol P450/mL), GSH (1 mM), and a NADPH-generating system (1 mM NADP + , 5 mM MgCl 2 , 5 mM isocitric acid, and 0.2 unit/mL isocitrate dehydrogenase) in phosphate buffer (pH 7.4, 50 mM, 0.5 mL total volume) were incubated for 30 min at 37°C. Reactions were quenched by chilling in ice followed by the addition of perchloric acid (25 μL). Incubation mixtures were centrifuged (10,000g for 10 min at 4°C), and supernatants were filtered and analyzed by LC-MS/MS. For control incubations, either NADP + or GSH was omitted. Incubations with P450 3A4, P450 2D6, or P450 1B1 Supersomes. Solutions containing LAS or E 2 (30 μM), supersomes (P450 3A4, P450 2D6, or P450 1B1, 10 pmol/mL), GSH (1 mM), and a NADPH-generating system (1 mM NADP + , 5 mM MgCl 2 , 5 mM isocitric acid, and 0.2 unit/mL isocitrate dehydrogenase) in phosphate buffer (pH 7.4, 50 mM, 0.5 mL total volume) were incubated for 30 min at 37°C. Reactions were then chilled in ice, treated with perchloric acid (25 μL), and centrifuged (10,000g for 10 min at 4°C). Supernatants were filtered and immediately analyzed by LC-MS/MS. For control experiments, either NADP + or GSH was omitted.
Competition of Catechol LAS Glucuronidation with Catechol LAS Oxidation and Glutathione Conjugation. Solutions containing LAS (30 μM), rat liver microsomes (1 nmol P450/mL), a NADPH-generating system (1 mM NADP + , 5 mM MgCl 2 , 5 mM isocitric acid, and 0.2 unit/mL isocitrate dehydrogenase), GSH (1 mM), uridine diphosphate glucuronic acid (UDPGA, 1 mM), and alamethicin (10 μg/mg protein) were incubated for 30 min at 37°C in 50 mM phosphate buffer (pH 7.4, 1 mL total volume). After chilling in ice, perchloric acid (50 μL) was added, and proteins were removed by centrifugation (10,000g for 10 min at 4°C). Aliquots of supernatant were then analyzed by LC-MS/MS. For control experiments, either GSH or UDPGA was omitted.
Competition of Catechol LAS Methylation with Catechol LAS Oxidation and Glutathione Conjugation. Solutions containing LAS (30 μM), rat liver microsomes (1 nmol P450/mL), and catechol-O-methyltransferase (COMT, 1 mM) were incubated for 30 min at 37°C in 50 mM phosphate buffer (pH 7.4, 1 mL total volume). Incubations were initiated by the addition of a solution containing magnesium chloride (1 mM), S-adenosyl methionine (SAM, 0.3 mM), NADP + (1 mM), MgCl 2 (5 mM), isocitric acid (5 mM), isocitrate dehydrogenase (0.2 unit/mL), and GSH (1 mM). Reactions were quenched by chilling in ice followed by the addition of perchloric acid (50 μL). Proteins were removed by centrifugation (10,000g for 10 min at 4°C), and aliquots (100 μL) of supernatant were analyzed by LC-MS/MS. For control experiments, either GSH or COMT was omitted.
LAS-o-Quinone Decomposition Kinetics. To a solution of LAS (500 μM) in anhydrous methanol (200 μL) was added 2-iodoxybenzoic acid (0.84 mg, 30 equiv) at room temperature. After stirring for 1 min, a yellow color developed, and the reaction mixture was filtered. The LAS-o-quinone solution (100 μL) was immediately added to 50 mM phosphate buffer (0.9 mL, pH 7.4) at 37°C. Disappearance of o-quinone was then monitored by measuring the decrease in UV absorbance at 378 nm. The half-life was subsequently determined by measuring the pseudofirst-order rate of decay of the absorbance signal at 378 nm according to the equation t 1/2 = ln(2)/k.
Reaction of 7-OHLAS-o-Quinone with Deoxynucleosides. Solutions containing 7-OHLAS (30 μM), tyrosinase (0.1 mg/mL), and each of the four deoxynucleosides (dG, dA, dT, or dC, 300 μM) were incubated for 30 min at 37°C in 50 mM phosphate buffer (pH 7.4, 0.5 mL total volume). Reactions were quenched by chilling in ice followed by the addition of cold ethanol (1 mL). Protein was removed by centrifugation (10,000g for 10 min at 4°C), the supernatant was concentrated to a volume of 0.5 mL, and aliquots of the supernatant were analyzed by LC-MS/MS. For control experiments, either tyrosinase or deoxynucleoside was omitted.
Reaction of 7-OHLAS-o-Quinone with Calf Thymus DNA. To a solution of 7-OHLAS (2.53 mg, 5.89 μmol) in acetonitrile (500 μL) and dimethylformamide (100 μL) was added activated MnO 2 (3.34 mg, 38.4 μmol, 6.5 equiv) at 0°C. The solution was stirred at 0°C for 15 min and then filtered directly into a solution of CT-DNA (1 mg/ mL in 50 mM phosphate buffer, pH 7.0, 5 mL total volume). The resulting mixture was incubated for 10 h at 37°C. Following incubation, cold ethanol (10 mL) was added, and the solution was Figure 1C ). Typical fragmentations were also observed for di-GSH conjugates, which were arbitrarily assigned as OHLAS-diSG1 and OHLAS-diSG2 ( Figure 1A ) and identified based upon the detection of protonated molecular ions of m/z 1040 [M + H] + . Fragment ions of m/z 1022, 893, 782, and 638 were observed, corresponding to the loss of water, loss of the γ-glutamyl group plus water, loss of two γ-glutamyl groups, and loss of one γ-glutamyl group coupled with alkyl thioether bond cleavage, respectively ( Figure 1D ). 35 Similarly, four GSH conjugates (2-OHE 2 -diSG, 2-OHE 2 -SG1, 2-OHE 2 -SG2, and 4-OHE 2 -SG) were detected when E 2 was incubated with tyrosinase in the presence of GSH ( Figure 1B) as reported previously. 36 Incubations with Rat/Human Liver Microsomes. All GSH conjugates of catechol LAS identified in tyrosinase incubations (OHLAS-SG1, OHLAS-SG2, OHLAS-diSG1, and OHLAS-diSG2) were also detected in rat liver microsomal incubations ( Figure 2A ). Significantly lower metabolism was observed in human liver microsomal incubations, although three of the four conjugates (OHLAS-SG1, OHLAS-SG2, and OHLAS-diSG2) were detected ( Figure 2B ). All previously reported GSH conjugates of the E 2 catechols (2-OHE 2 -diSG, 2-OHE 2 -SG1, 2-OHE 2 -SG2, and 4-OHE 2 -SG) seen in tyrosinase incubations were also detected in both rat and human liver microsomal incubations in similar relative amounts ( Figure  2C,D) .
Incubations with P450 3A4, P450 2D6, or P450 1B1 Supersomes. Incubations with P450 3A4 supersomes generated only di-GSH conjugates (OHLAS-diSG1 and OHLAS-diSG2) as major metabolites, whereas all four conjugates (OHLAS-SG1, OHLAS-SG2, OHLAS-diSG1, and OHLAS-diSG2) were detected in experiments with P450 1B1 and P450 2D6 supersomes ( Figures 3A−C) . By comparison, 2-OHE 2 -diSG was the major metabolite seen in incubations with E 2 and P450 3A4 or P450 2D6 supersomes, while 4-OHE 2 -SG was the sole metabolite detected in experiments with P450 1B1 (Figures 3D−F ), in accordance with previous studies. 37 Competition of Catechol LAS Glucuronidation or Methylation with Catechol LAS Oxidation and Glutathione Conjugation. Because glucuronide and methyl ether metabolites of LAS catechols were previously reported, whereas GSH conjugates were not observed, 31 we investigated the competition between these detoxification pathways. Incubations of LAS with rat liver microsomes and UDPGA in the presence of a NADPH-generating system yielded the expected glucuronide conjugate of the parent compound (LAS-Glu) as a major product, as well as glucuronidated catechol (OHLASGlu) as a minor metabolite ( Figure 4A + at m/z 606 and gave fragmentation similar to that of m/z 430 as previously reported. 31 Interestingly, with the inclusion of GSH as a trapping reagent in the above incubations, all four previously identified GSH conjugates (OHLAS-SG1, OHLAS-SG2, OHLAS-diSG1, and OHLAS-diSG2) were detected in addition to the glucuronide metabolites ( Figure 4B) .
Similarly, incubations of LAS with rat liver microsomes, COMT and appropriate cofactors (see Materials and Methods) generated both catechol LAS and detectable amounts of methylated LAS catechol (MeO-LAS, Figure 4C ).
MeO-LAS was identified based upon the detection of [M + H]
+ at m/z 444 and fragment ion m/z 253, corresponding to the loss of the phenoxyethyl-pyrrolidine side chain, as previously reported. 31 Again, inclusion of GSH as a trapping reagent in these incubations resulted in GSH conjugate detection (OHLASdiSG1 and OHLAS-diSG2, Figure 4D ).
LAS-o-Quinone Decomposition Kinetics. Similar to other SERM and estrogen o-quinones, 38,39 a strong absorbance at 378 nm was observed in the UV spectrum of the chemically generated LAS-o-quinone mixture, which was absent from the spectrum of LAS itself. At physiological pH and temperature, the pseudofirst-order rate of decay of this signal was monitored, and the half-life was calculated to be 55 ± 4 min according to the equation t 1/2 = ln(2)/k.
Reaction of 7-OHLAS-o-Quinone with Deoxynucleosides or CT-DNA. Incubation of 7-OHLAS and tyrosinase along with one of four deoxynucleosides (dG, dA, dT, or dC) resulted in the detection of one depurinating adenine adduct (7-OHLAS-Ade, Figure 5A ). This adduct was identified based upon the detection of a molecular ion [M + H] + at m/z 563. Fragment ions of m/z 430 and m/z 239 were also detected, corresponding to the loss of adenine and subsequent loss of the phenoxyethyl-pyrrolidine side chain, respectively ( Figure 5B ). Although the absolute structure of 7-OHLAS-Ade was not determined due to low yield, A-ring substitution by the N3 nitrogen of adenine was deemed most probable, as similar adduction has been observed for the case of estradiol. 25, 40, 41 A less polar oxidative metabolite of 7-OHLAS was also detected at m/z 428 as a major product in tyrosinase incubations ( Figure 5A ). Fragment ions of m/z 330 and m/z 237 corresponding to the loss of vinylpyrrolidine and loss of phenoxyethyl-pyrrolidine side chain, respectively, suggested a loss of two mass units from the tetralin ring (data not shown). This metabolite was tentatively assigned as the 1−2 unsaturated dihydronaphthyl analogue of 7-OHLAS (DHN-7-OHLAS).
Formation of DHN-7-OHLAS could occur through isomerization of 7-OHLAS-o-quinone to a p-quinone methide followed by tautomerization to DHN-7-OHLAS (Scheme 2). This metabolite was only observed in the absence of GSH since GSH would trap the o-quinones prior to the tautomerization reaction. Similar pathways have previously been observed for catechol estrogens. 36, 42 Incubation of chemically oxidized 7-OHLAS-o-quinone with DNA resulted in the detection of 7-OHLAS-Ade as well as two depurinating guanine adducts, arbitrarily assigned as 7-OHLASGua-1 and 7-OHLAS-Gua-2 ( Figure 6 ). While absolute structures of 7-OHLAS-Gua-1 and 7-OHLAS-Gua-2 were not determined due to low yield, A-ring substitution by the N7 nitrogen of guanine at the 5 and 8 positions of LAS was likely, again based upon similar adduction observed for depurinating 
■ DISCUSSION
The formation of reactive metabolites has been implicated in the toxicity of both estrogens and SERMs. E 2 , for example, is metabolized to both 2-hydroxy and 4-hydroxy catechols by P450 1A1 and P450 1B1, respectively. 25 These catechols may be further oxidized to o-quinones, which are capable of covalently modifying DNA and cellular proteins and may also generate reactive oxygen species (ROS) through redox cycling. 25 Furthermore, extensive studies have shown that triphenylethylene, benzothiophene, and benzopyran SERMs are metabolized to a variety of quinoids, and for the case of tamoxifen, bioactivation has been associated with carcinogenesis. 28 Previous reports have shown that analogous to E 2 , LAS is extensively metabolized to 5-OHLAS and 7-OHLAS catechols, mainly by P450 3A4 and P450 2D6, respectively. 31 While conjugation of catechol LAS (O-methylation, glucuronidation, or sulfation) comprises a major route for detoxification and drug clearance, 31 the potential for further oxidation of catechol LAS to o-quinones and subsequent conjugation with cellular nucleophiles has not been thoroughly scrutinized. Indeed for the case of E 2 , catechol oxidation to o-quinones followed by GSH conjugation is observed even in the presence of competing O-methylation. 43 In the present study, LAS and 7-OHLAS were synthesized and oxidized to o-quinones both chemically and enzymatically. At physiological temperature and pH, LAS-o-quinone was found to have a half-life of approximately 55 min. This is comparable to half-lives observed for o-quinones formed from other SERMs but substantially longer-lived than what is seen for estradiol-derived o-quinones (Table 1) . Previous work has demonstrated that catechols which form long-lived o-quinones display increased cytotoxicity compared to those that are shorter-lived, 38, 39 suggesting that LAS-o-quinones may have the potential to be more cytotoxic than those derived from E 2 .
Incubation of LAS with tyrosinase, a monooxygenase that efficiently oxidizes phenols to catechols and o-quinones, 44, 45 yielded LAS-o-quinone which was trapped by GSH to produce two mono-GSH and two di-GSH catechol conjugates ( Figure  1A ). These conjugates were also observed in both rat and human liver microsomal incubations, although overall metabolism was notably attenuated in the case of the latter ( Figure  2A,B) . As P450 2D6 and P450 3A4 have previously been identified as the P450s primarily responsible for LAS catechol formation in vivo, 31 and P450 1B1 is one of the key enzymes responsible for the metabolism of estrogens to genotoxic oquinones extra-hepatically, 37, 46, 47 we investigated LAS-o-quinone formation catalyzed by these isozymes. All LAS GSH conjugates seen in tyrosinase incubations were also detected in experiments with P450 2D6 ( Figure 3B ). Metabolic turnover with P450 3A4 appeared markedly enhanced, producing only di-GSH conjugates with OHLAS-diSG2 being the major metabolite ( Figure 3A) , suggesting that LAS may be a better substrate for P450 3A4 than P450 2D6. Similar to P450 2D6, all four GSH conjugates were detected in experiments with P450 1B1 ( Figure 3C ). It is therefore plausible that LAS-oquinones are capable of being generated in target tissues for estrogens and SERMs such as the breast, ovaries, and uterus where P450 1B1 is primarily expressed. 46 After confirming that LAS catechols may be readily oxidized to their corresponding o-quinones in incubations with tyrosinase, microsomes, or supersomes, we next sought to determine whether similar oxidation would take place in the presence of competing detoxification pathways. Prakash, et al.
reported previously that neither catechol nor glutathione conjugates of LAS were detected in humans or preclinical species and concluded that this was likely due to rapid conjugative metabolism (O-methylation, glucuronidation, or sulfation) followed by urinary excretion. 31 However, results of the present study suggest that LAS-o-quinone formation and subsequent thiol conjugation could represent a possible competing pathway, as GSH conjugates were observed alongside glucuronidated or O-methylated metabolites in incubations containing GSH in the presence of glucuronidating or methylating systems (Figure 4) . Although LAS GSH conjugates have not been previously detected in vivo, our data clearly demonstrate that LAS catechols may further oxidize to thiophilic o-quinones. It is therefore not unreasonable to propose that a relatively long-lived LAS-o-quinone may be selective enough to react with thiol moieties of cellular proteins. Protein labeling has previously been observed for quinoids of both estrogens and SERMs, 20, 25 and identification of protein targets for LAS-o-quinones will be a subject of further studies.
Finally, we aimed to investigate whether LAS-o-quinones could potentially form adducts with DNA, as such modification has been reported for quinoids of SERMs and estrogens. 28, 48 In particular, depurinating adducts of estrogen o-quinones have been shown to generate apurinic sites on DNA that are prone to improper repair, resulting in mutations that are critical for the initiation of breast, prostate, and other cancers. 49 Incubation of 7-OHLAS with tyrosinase and deoxynucleosides resulted in detection of depurinating 7-OHLAS-Ade ( Figure 5 ). Furthermore, 7-OHLAS-Ade was also detected along with depurinating 7-OHLAS-Gua-1 and 7-OHLAS-Gua-2 in incubations with CT-DNA ( Figure 6 ). In contrast with what is observed for structurally similar 2-OHE 2 , 41 stable DNA adducts were not detected in tyrosinase incubations with 7-OHLAS and deoxynucleosides. We speculate that the presence of an aromatic ring at the 1-position of the tetralin core of LAS (Scheme 1) is likely responsible for this observed difference in reactivity. 2-OHE 2 -o-quinone readily isomerizes to a p-quinone methide A (Scheme 2) that reacts at C-6 with the exocyclic amino group of purine nucleosides via 1,6-Michael addition to form stable adducts. 41 Isomerization of 7-OHLAS-o-quinone to a structurally analogous 7-OHLAS-p-quinone methide A would be disfavored over the formation of a 7-OHLAS-p-quinone methide B, as the latter is stabilized by extended π-electron conjugation (Scheme 2). In support of this, DHN-7-OHLAS was detected as a major metabolite in incubations of 7-OHLAS with tyrosinase and deoxynucleosides ( Figure 5A ). In the absence of a strong nucleophile like GSH, it is likely that reaction of deoxynucleosides with 7-OHLAS-o-quinone to yield depurinating adducts competes with isomerization of 7-OHLAS-o-quinone to a 7-OHLAS-p-quinone methide B which then tautomerizes to DHN-7-OHLAS. As the latter pathway is more energetically favored, formation of DHN-7-OHLAS predominates over the formation of depurinating adducts ( Figure 5A ). Of note, 7-OHLAS was also observed to be an antiestrogen of submicromolar potency in Ishikawa/ ECC-1 endometrial cancer cells, as measured by the inhibition of E 2 -induced alkaline phosphatase induction (data not shown). This finding demonstrates that 7-OHLAS is also transported to the nucleus, thereby increasing the chance for interaction with DNA and potentially amplifying adduct formation. Taken together, these data may suggest that like E 2 , generation of apurinic sites by LAS-o-quinones is feasible and could conceivably result in similar carcinogenic initiation.
In conclusion, our data show that similar to endogenous estrogens, LAS catechols are further oxidized to electrophilic oquinones which react with both GSH and DNA, and which could potentially cause toxicity in vivo. Moreover, while oquinone formation from other SERMs such as tamoxifen, raloxifene, and LY2066948 constitutes a relatively minor metabolic pathway, 24, 39, 50 in this study LAS-o-quinones were observed as major metabolites, similar to what is observed for structurally similar estradiol. The results of this investigation therefore will be useful in the design and development of novel The disappearance of the quinoid species was followed by monitoring the decrease in UV absorbance at the appropriate wavelength in phosphate buffer (pH 7.4, 37°C). c 4-Hydroxyequilenin.
